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"One of two different ADP-glucose pyrophosporylase genes from potato responds strongly to elevated levels of sucrose' Mol. Gen. Morell, M., M. Bloom, J. The subject invention pertains to a novel variant of the maize gene, Shrunken2 (Sh2) and a method of using that gene. The variant gene, Sh2-m1Rev6, encodes a subunit of the ADP glucose pyrophosphorylase (AGP) enzyme that has addi tional amino acids inserted near or in the allosteric binding site of the protein. Corn seed expressing the Sh2-ml Rev6 gene has a 15% weight increase over wild type seed. The increase in seed weight is not associated simply with an increase in percentage starch content of the seed. 5,589,618 1.
MATER ALS AND METHODS FOR INCREASING CORN SEED WEIGHT
This invention was made with government support under National Science Foundation grant number 93052818. The government has certain rights in this invention.
BACKGROUND OF THE INVENTION
ADP-glucose pyrophosphorylase (AGP) catalyzes the conversion of ATP and O-glucose-1-phosphate to ADP glucose and pyrophosphate. ADP-glucose is used as a gly cosyl donor in starch biosynthesis by plants and in glycogen biosynthesis by bacteria. The importance of ADP-glucose pyrophosphorylase as a key enzyme in the regulation of starch biosynthesis was noted in the study of starch deficient mutants of maize (Zea mays) endosperm (Tsai and Nelson, 1966; Dickinson and Preiss, 1969) . AGP enzymes have been isolated from both bacteria and plants. Bacterial AGP consists of a homotetramer, while plant AGP from photosynthetic and non-photosynthetic tis sues is a heterotetramer composed of two different subunits. The plant enzyme is encoded by two different genes, with one subunit being larger than the other. This feature has been noted in a number of plants. The AGP subunits in spinach leaf have molecular weights of 54 kDa and 51 kDa, as estimated by SDS-PAGE. Both subunits are immunoreactive with antibody raised against purified AGP from spinach leaves (Copeland and Preiss, 1981; Morell et al., 1987) . Immunological analysis using antiserum prepared against the small and large subunits of spinach leaf showed that potato tuber AGP is also encoded by two genes (Okita et al., 1990) . The cDNA clones of the two subunits of potato tuber (50 and 51 kDa) have also been isolated and sequenced (Muller-Rober et al., 1990; Nakata et al., 1991) .
As Nelson, 1975 and 1976 ) postulated, both Shrunken-2 (Sh2) (Bhave et al., 1990) and Brittle-2 (Bt2) (Bae et al., 1990) are structural genes of maize endosperm ADP-glucose pyrophosphory lase. Sh2 and Bt2 encode the large subunit and small subunit of the enzyme, respectively. From cDNA sequencing, Sh2 and Bt2 proteins have predicted molecular weight of 57,179 Da (Shaw and Hannah, 1992) and 52,224 Da, respectively. The endosperm is the site of most starch deposition during kernel development in maize. Sh2 and bt2 maize endosperm mutants have greatly reduced starch levels corresponding to deficient levels of AGP activity. Mutations of either gene have been shown to reduce AGP activity by about 95% (Tsai and Nelson, 1966; Dickinson and Preiss, 1969 (Stark, 1992) . The cloning and characterization of the genes encoding the AGP enzyme subunits have been reported for various plants. These include Sh2 cDNA (Bhave et al., 1990) , Sh2 genomic DNA (Shaw and Hannah, 1992) , and Bt2 cDNA (Bae et al., 1990 ) from maize; small subunit cDNA (Ander son et al., 1989) and genomic DNA from rice; and small and large subunit cDNAs from spinach leaf (Morell et al., 1987) and potato tuber (Muller-Rober et al., 1990; Nakata et al., 1991) . In addition, cDNA clones have been isolated from wheat endosperm and leaf tissue (Olive et al., 1989) and Arabidopsis thaliana leaf (Lin et al., 1988) .
AGP functions as an allosteric enzyme in all tissues and organisms investigated to date. The allosteric properties of AGP were first shown to be important in E. coli. A glycogen overproducing E. coli mutant was isolated and the mutation mapped to the structural gene for AGP, designated as glyC. The mutant E. coli, known as glyC-16, was shown to be more sensitive to the activator, fructose 1.6 bisphosphate, and less sensitive to the inhibitor, cAMP (Preiss, 1984) .
Although plant AGPs are also allosteric, they respond to different effector molecules than bacterial AGPs. In plants, 3-phosphoglyceric acid (3-PGA) functions as an activator while phosphate (PO) serves as an inhibitor (Dinkinson and Preiss, 1969) .
In view of the fact that endosperm starch content com prises approximately 70% of the dry weight of the seed, alterations in starch biosynthesis correlate with seed weight.
Unfortunately, the undesirable effect associated with such alterations has been an increase in the relative starch content of the seed. Therefore, the development of a method for increasing seed weight in plants without increasing the relative starch content of the seed is an object of the subject invention.
BRIEF SUMMARY OF THE INVENTION
The subject invention concerns a novel variant of the Shrunken-2 (Sh2) gene from maize. The Sh2 gene encodes ADP-glucose pyrophosphorylase (AGP), an important enzyme involved in starch synthesis in the major part of the corn seed, the endosperm. In a preferred embodiment, the novel gene of the subject invention encodes a variant AGP protein which has two additional amino acids inserted into the sequence. The variant gene described herein has been termed the Sh2-ml Rev6 gene. Surprisingly, the presence of the Sh2-ml Rev6 gene in a corn plant results in a substantial increase in corn seed weight when compared to wild type seed weight, but does so in the absence of an increase in the relative starch content of the kernel.
The subject invention further concerns a method of using the variant sh2 gene in maize to increase seed weight. The subject invention also concerns plants having the variant sh2 gene and expressing the mutant protein in the seed endosperm.
As described herein, the sh2 variant, Sh2-m1Rev6, can be produced using in vivo, site-specific mutagenesis. A trans posable element was used to create a series of mutations in the sequence of the gene that encodes the enzyme. As a result, the Sh2-ml Rev6 gene encodes an additional amino acid pair within the allosteric binding site of the protein.
BRIEF DESCRIPTION OF THE SEQUENCES
SEQID NO. 1 is the genomic nucleotide sequence of the Sh2-ml Rev6 gene.
SEQID NO. 2 is the amino acid sequence of the protein encoded:by the Sh2-m1 Rev6 gene.
DETAILED DISCLOSURE OF THE INVENTION
The subject invention provides a novel variant of the Shrunken-2 (Sh2) gene and a method for increasing seed weight in a plant through the expression of the variant sh2 gene. The Sh2 gene encodes a subunit of the enzyme ADP-glucose pyrophosphorylase (AGP) in maize endosperm. The variant gene, denoted herein as Sh2 ml Rev6, contains a mutation that encodes an additional arginine:threonine amino acid pair compared to the wild type protein. The sequences of the wild type DNA and protein are disclosed in Shaw and Hannah, 1992 . The in vivo, site-specific mutation which resulted in the argin ine:threonine insertion was generated in Sh2 using the transposable element, dissociation (Ds), which can insert into, and be excised from, the Sh2 gene under appropriate conditions. Ds excision can alter gene expression through the addition of nucleotides to a gene at the site of excision of the element.
In a preferred embodiment, insertion mutations in the Sh2 gene were obtained by screening for germinal revertants after excision of the Ds transposon from the gene. The revertants were generated by self-pollination of a stock containing the Ds-Sh2 mutant allele, the Activator (Ac) element of this transposable element system, and appropri ate outside markers. The Ds element can transpose when the Ac element is present. Wildtype seed were selected, planted, self-pollinated and crossed onto a tester stock. Results from this test cross were used to remove wild type alleles due to pollen contamination. Seeds homozygous for each revertant allele were obtained from the self-progeny. Forty-four ger minal revertants of the Ds-induced sh2 mutant were col lected.
Cloning and sequencing of the Ds insertion site showed that the nucleotide insertion resides in the area of the gene that encodes-the binding site for the AGP activator, 3-PGA (Morrell, 1988) . Of the 44 germinal revertants obtained, 28 were sequenced. The sequenced revertants defined 5 isoal leles of sh2: 13 restored the wild type sequence, 11 resulted in the insertion of the amino acid tyrosine, two contained an additional proline, one revertant contained a two amino acid insertion, leucine:leucine, and the last one, designated as Sh2-m1Rev6, contained the two amino acid insertion, argin ine:threonine. The Sh2-m1Rev6 variant encodes an AGP enzyme subunit that has the arginine:threonine amino acid pair inserted between the tyrosine and isoleucine at amino acid residues 503 and 504, respectively, of the native pro tein.
Surprisingly, the expression of the Sh2-ml Rev6 gene in maize resulted in a significant increase in seed weight over that obtained from maize expressing the wild-type Sh2 allele. Moreover, seeds from plants having the Sh2-ml Rev6 gene contained approximately the same percentage starch content relative to any of the other revertants generated. In a preferred embodiment, the Sh2-m1 Rev6 gene is contained in homozygous form within the genome of a plant seed.
The subject invention further concerns a plant that has the Sh2-m1Rev6 gene incorporated into its genome. In a pre ferred embodiment, the plant is a monocotyledonous spe cies. More preferably, the plant may be Zea mays. Plants having the Sh2-m1Rev6 gene can be grown from seeds that have the gene in their genome. In addition, techniques for transforming plants with a gene are known in the art.
Because of the degeneracy of the genetic code, a variety of different polynucleotide sequences can encode the variant AGP polypeptide disclosed herein. In addition, it is well within the skill of a person trained in the an to create alternative polynucleotide sequences encoding the same, or essentially the same, polypeptide of the subject invention. These variant or alternative polynucleotide sequences are within the scope of the subject invention. As used herein, references to "essentially the same" sequence refers to sequences which encode amino acid substitutions, deletions, additions, or insertions which do not materially alter the functional activity of the polypeptide encoded by Sh2 m1Rev6. The subject invention also contemplates those polynucleotide molecules having sequences which are suf ficiently homologous with the wild type Sh2 DNA sequence so as to permit hybridization with that sequence under standard high-stringency conditions. Such hybridization conditions are conventional in the art (see, e.g., Maniatis et al., 1989) .
The polynucleotide molecules of the subject invention can be used to transform plants to express the Sh2-ml Rev6 allele in those plants. In addition, the polynucleotides of the subject invention can be used to express the recombinant variant AGP enzyme. They can also be used as a probe to detect related enzymes. The polynucleotides can also be used as DNA sizing standards.
The polypeptides encoded by the polynucleotides of the subject invention can be used to catalyze the conversion of ATP and O-glucose-1-phosphate to ADP-glucose and pyro phosphate, or to raise an immunogenic response to the AGP enzymes and variants thereof. They can also be used as molecular weight standards, or as an inert protein in an assay.
The following are examples which illustrate procedures and processes, including the best mode, for practicing the invention. These examples should not be construed as lim iting, and are not intended to be a delineation of all possible modifications to the technique. All percentages are by weight and all solvent mixture proportions are by volume unless otherwise noted.
Example 1-Expression of Sh2-ml Rev6 Gene in

Maize Endosperm
Homozygous plants of each revertant obtained after exci sion of the Ds transposon were crossed onto the F1 hybrid corn, "Florida Stay Sweet." This sweet corn contains a null allele for the Sh2gene, termed sh2-R. Resulting endosperms contained one dose of the functional allele from a revertant and two female-derived null alleles, denoted by the follow ing genotype Sh2-ml RevX/sh2-R/sh2-R, where X repre sents one of the various isoalleles of the revertants. Crosses were made during two growing seasons.
Resulting seed weight data for each revertant and wild type seed are shown in Table 1 . The first column shows the amino acid insertion in the AGP enzyme obtained after the in vivo, site-specific mutagenesis. The data shown in Table 1 represents the average kernel seed weight for each revertant over the course of two growing seasons. The expression of the Sh2-m1Rev6 gene to produce the Rev6 mutant AGP subunit gave rise to an almost 16% increase in seed weight in comparison to the wild type revertant.
In addition, starch content was determined on the kernels analyzed above using various methodologies. The analysis 5,589,618 5 showed that Sh2-ml Rev6 containing kernels were no higher in percentage starch relative to kernels expressing the other alleles shown in the table above. Therefore, it appears that the increase in seed weight is not solely a function of starch COntent. Corn seeds that contain at least one functional Sh2 ml Rev6 allele have been deposited with the American Type Culture Collection (ATCC), 12301 Parklawn Drive, Rock ville, Md. 20852 U.S.A., on May 16, 1996 and assigned accession number ATCC 97624. The culture will be assigned an accession number by the repository.
The seeds have been deposited under conditions that assure that access to the culture will be available during the pendency of this patent application to one determined by the Commissioner of Patents and Trademarks to be entitled thereto under 37 CFR 1.14 and 35 U.S.C. 122. The deposit will be available as required by foreign patent laws in countries wherein counterparts of the subject application, or its progeny, are filed. However, it should be understood that the availability of a deposit does not constitute a license to practice the subject invention in derogation of patent rights granted by governmental action.
Further, the subject seed deposit will be stored and made available to the public in accord with the provisions of the Budapest Treaty for the Deposit of Microorganisms, i.e., it will be stored with all the care necessary to keep it viable and uncontaminated for a period of at least five years after the most recent request for the furnishing of a sample of the deposit, and in any case, for a period of at least thirty (30) years after the date of deposit or for the enforceable life of any patent which may issue disclosing the culture. The depositor acknowledges the duty to replace the deposit should the depository be unable to furnish a sample when requested, due to the condition of the deposit. All restrictions on the availability to the public of the subject seed deposit will be irrevocably removed upon the granting of a patent disclosing it. As would be apparent to a person of ordinary skill in the art, seeds and plants that are homozygous for the Sh2 m1Rev6 allele can be readily prepared from heterozygous seeds using techniques that are standard in the art. In addition, the Sh2-m1Rev6 gene can be readily obtained from the deposited seeds.
It should be understood that the examples and embodi ments described herein are for illustrative purposes only and that various modifications or changes in light thereof will be suggested to persons skilled in the art and are to be included within the scope and purview of this application and the Scope of the appended claims.
acterization of the gene encoding a rice endosperm specific ADP-glucose pyrophosphorylase subunit and its developmental pattern of transcription," Gene 97:199-205. We claim:
1. A polynucleotide molecule, comprising a variant of the wild type shrunken-2 (Sh2) gene, wherein said variant codes for the insertion of at least one additional amino acid within the allosteric binding site of the ADP-glucose pyrophospho rylase (AGP) enzyme subunit, whereby a plant expressing said polynucleotide molecule has increased seed weight relative to the seed weight of a plant expressing the wildtype Sh2 gene. 65 2. The polynucleotide molecule, according to claim 1, wherein said polynucleotide molecule encodes the amino acid pair arginine:threonine, wherein said amino acid pair is 5,589,618 17 inserted between amino acids 503 and 504 of the native AGP enzyme subunit.
3. The polynucleotide molecule, according to claim 1, wherein the AGP enzyme encoded by said polynucleotide molecule consists essentially of the amino acid sequence shown in SEQ ID NO. 2. 4. The polynucleotide molecule, according to claim 3, wherein the nucleotide sequence encoding SEQ ID NO.2 consists of the sequence shown in SEQ ID NO.1 or a degenerate fragment thereof, wherein a plant expressing said polynucleotide molecule has increased seed weight relative to the seed weight of a plant expressing the wild type Sh2 gene.
5.
A method for increasing the seed weight of a plant, comprising incorporating the polynucleotide molecule of O 18 claim 1 into the genome of said plant and expressing said polynucleotide.
6. The method, according to claim 5, wherein said plant is Zea mays. 7. A plant seed comprising the polynucleotide molecule of claim 1 within the genome of said seed. 8. A plant expressing the polynucleotide molecule of claim .
9. The plant, according to claim 8, wherein said plant is Zea mays. 10. The plant, according to claim 8, wherein said plant is grown from the seed of claim 7. 
